Here we introduce angle-resolved piezoresponse force microscopy ͑AR-PFM͒, whereby the sample is rotated by 30°increments around the surface normal vector and the in-plane PFM phase signals are collected at each angle. We obtained the AR-PFM images of BaTiO 3 single crystal and cube-on-cube epitaxial ͑001͒ BiFeO 3 ͑BFO͒ thin film on SrRuO 3 / SrTiO 3 substrate, and confirmed that the AR-PFM provides more unambiguous information on the in-plane polarization directions than the conventional PFM method. Moreover, we found eight additional in-plane polarization variants in epitaxial BFO thin films, which are formed to mitigate highly unstable charged domain boundaries. © 2010 American Institute of Physics. ͓doi:10.1063/1.3487933͔
Ferroelectric oxide materials provide a unique platform to enable the next generation memory devices, using their switchable polarization and integration of ferroelectric nanocapacitors. 1 Until now, the SrBi 2 Ta 2 O 9 ͑SBT͒ ͑Refs. 2 and 3͒ and Pb͑Zr x Ti 1−x ͒O 3 ͑PZT͒ ͑Ref. 3͒ family of materials have served as the cornerstone for applications in nonvolatile memories and piezoelectric actuators ͑PZT͒. A critical drawback of SBT is the relatively low polarization ͑ϳ30 C / cm 2 ͒ ͑Refs. 2 and 3͒ while the problem with PZT is the presence of lead. In this respect, the lead-free ferroelectric BiFeO 3 ͑BFO͒ has attracted a great deal of attention because of its superior polarization ͑ϳ120 C / cm 2 ͒, 4, 5 which is comparable to that of the tetragonal, Ti-rich PZT films. However, BFO thin films exhibit high leakage currents, 6 where oxygen vacancies 7 and/or the unusual electronic transport through ferroelectric domain walls are the main cause. 8 Hong et al. 9 also observed the emergence of charged domain boundaries ͑CDBs͒ in round-shaped BFO nanostructures, which contributed to leaky piezoresponse hysteresis loops. While the leakage paths formed at the CDBs ͑⌺P·n 0͒ in BFO have been reported, it is still not clear why the CDBs form and how they affect the piezoresponse at the nanoscale. Therefore, an in-depth investigation of the domain structure by piezoresponse force microscopy ͑PFM͒ in BFO thin films is required, which helps us understand the mechanism of polarization switching and electrical properties. However, constructing three-dimensional PFM images of polarization domains has been a great challenge because sliding of the tip and cantilever buckling influence the PFM signals.
10,11
Here we introduce a polarization domain imaging technique named angle-resolved piezoresponse force microscopy ͑AR-PFM͒, present direct observation of CDBs and intermediate polarization variants in epitaxially grown BFO thin films, and discuss the correlation between the resulting domain configuration and the film growth mechanism. Figure 1͑a͒ shows the schematic by which we constructed the in-plane ͑IP͒ ferroelectric domain images using AR-PFM. First, we aligned a specific crystallographic orientation ͓͑100͔͒ of either the BTO single crystal or the BFO film with the cantilever scan direction and then obtained the IP and out-of-plane ͑OP͒ PFM phase and amplitude signals after each rotation around the film surface normal, from 0°to 180°with an interval of 30°between each domain image. We identified each IP polarization vector by finding the area where the phase contrast changed by 180°after two adjacent rotations of the sample, and denoted the IP component of the polarization vector for that area as lying between the scan directions before and after the phase reversal. For example, in Fig. 1͑a͒ we see initiation of a phase reversal for a rotation angle of 90°when we have a single domain with IP polarization, which is perpendicular to the reference scan axis a͒ Authors to whom correspondence should be addressed. Electronic addresses: hong@anl.gov and ksno@kaist.ac.kr. ͑0°͒. The AR-PFM technique therefore allows us to determine all the IP polarization directions within the angular resolution of each step ͑30°in this study͒ without relying on PFM amplitude information.
We used the AR-PFM technique to study the polarization domains of a ͑100͒ BaTiO 3 single crystal ͑MTI Corporation͒ as a standard example to check whether we can reliably identify the IP polarization directions. 12 We chose a region comprised of ͑010͒ ͑region A͒ and ͑010͒ ͑region B͒ polarization variants and rotated the region by 30°between recording each set of images ͓Fig. 1͑b͔͒. Here we defined the angle of sample rotation, , as that between the cantilever long axis and the ͓001͔ direction. We found that the phase reversal occurred near = 90°in both regions A and B, which verifies that AR-PFM can unambiguously determine the IP polarizations within the resolution of each angular step. We plotted the average IP and OP PFM phase and amplitude values over the whole area in regions A and B in Fig.  1͑b͒ , as a function of ͓Figs. 2͑a͒-2͑d͔͒. As expected, the OP PFM amplitude and phase values in both regions remained constant regardless of because the OP piezoresponse component does not change with IP rotation of the sample ͓Figs. 2͑a͒ and 2͑b͔͒. However, the IP PFM amplitude deviated from its expected dependence on ͓see Fig.  2͑c͔͒ . This discrepancy will lead to inaccurate domain images if we use the amplitude and phase of IP PFM images to reconstruct the polarization directions in the domains. The PFM phase information, however, is relatively stable and behaves more consistently with the theory ͓Fig. 2͑d͔͒. Therefore, AR-PFM, which is based on the PFM phase contrast and , is expected to yield a more accurate picture of IP domain polarization vectors.
We fabricated BFO multiferroic thin films to identify the ferroelectric polarization variants using the AR-PFM method. BFO thin films ͑40 nm thick͒ were grown by rf magnetron sputtering ͑AJA International, Rapier Series͒ at 680°C over a 120 nm thick SrRuO 3 ͑SRO͒ ͑001͒ bottom electrodes deposited on SrTiO 3 ͑STO͒ ͑001͒ substrates at 680°C. X-ray diffraction ͑XRD͒ Phi scans of the BFO, SRO, and STO ͑202͒ family of reflections confirmed cubeon-cube epitaxy for both the BFO and SRO films ͓Fig. 3͑a͔͒. The -2 scan also showed that the BFO and SRO films are both pseudocubic ͑001͒ oriented ͓Fig. 3͑b͔͒. The XRD analysis showed that there was no IP rotation of the crystals, suggesting there would be no associated IP polarization rotation.
There was a small amount of Fe 2 O 3 impurity present in the films, as seen from the -2 XRD scan, which is consistent with the faceted islands that are seen in the atomic force microscopy ͑AFM͒ topography image ͓Fig. 3͑c͔͒, and is in agreement with recent findings that the BFO and Fe 2 O 3 phases coexist when BFO thin films are grown at oxygen pressures below or equal to 5 mTorr. 13 In order to avoid any spurious effects caused by the Fe 2 O 3 phase and surface morphology, we chose to analyze a flat area of 1.17 ϫ 0.74 m 2 , which is free of Fe 2 O 3 , when acquiring the AR-PFM domain images ͓Fig. 3͑d͔͒.
We verified the IP polarization variants of the BFO thin film using AR-PFM ͑Fig. 4͒. The region in which the phase changed by 180°after a rotation step of 30°was painted with a different color on each IP PFM phase image. Since the OP PFM signals showed a uniform downward polarization orientation for all the angular steps, 12 we could map all the polarization by superimposing the regions where the phase signals changed by 180°at each angular step ͓Fig. 4͑a͔͒. As a result, we identified twelve polarization variants in BFO thin films whereas a number of studies have reported that BFO can only have up to eight polarization variants lying along the ͗111͘ directions. 14, 15 This result shows that the epitaxial BFO thin films used in this study have regions with polarization variants deviating from the ͗111͘ directions, which are the easy polarization axes analogous to easy magnetization axes. 15 Without using the AR-PFM technique, it would have been difficult to find those intermediate polarization variants due to the large errors in amplitude signals obtained using conventional lateral PFM. 10 In order to understand the origin of intermediate polarization variants and study the local distribution of ferroelectric domains, we constructed the domain map of the regions ͑A͒ and ͑B͒ in Fig. 4͑a͒ using the conventional PFM ͓Figs. 4͑b͒ and 4͑d͔͒ and the AR-PFM methods ͓Figs. 4͑c͒ and 4͑e͔͒. Imaging of the domain configuration by the conventional PFM method, based on the assumption of four IP polarization variants, showed a large portion of CDBs that would be very unstable due to the increase in the electrostatic energy at the boundaries. The proportion of CDBs was 86.3% in region A and 80.2% in region B, respectively, in Figs. 4͑b͒ and 4͑d͒. However, when constructing the domain configuration from our AR-PFM data, the proportion of CDBs decreased to 63.3% in region A and 43.6% in region B ͓Figs. 4͑c͒ and 4͑e͔͒. In addition to the decrease in the portion of CDBs, the amount of charging along the CDBs would also decrease due to the smaller angle between the neighboring polarization variants separated by the CDBs.
It is relevant to discuss the possible origin of the CDBs and their impact on the ferroelectric properties of BFO films. Since BFO has a Curie temperature ͑1100 K͒ above the growth temperature ͑953 K͒, BFO nuclei formed during the initial stages in film growth, larger than the critical size ͑e.g., 4.2 nm for PbTiO 3 particles͒ ͑Ref. 16͒ to exhibit polarization, will have their own ferroelectric polarization variants when they are deposited on the SRO/STO substrate. At this stage, stable polarization vectors pointing along ͗111͘ directions are induced by the rhombohedral crystal symmetry of the nuclei. As the film grows first in an island mode, each island with its polarization variant will not interact with the neighboring ones and grow independently, preserving their polarization variants, until they touch each other. It is highly likely that in this process many of the polarization directions in the grains will not be able to fully switch to form a neutral boundary with the adjacent regions and so CDBs will form. We believe that the intermediate polarization variants, which deviate from the easy axes imposed by the rhombohedral crystal symmetry, are formed to act as mitigating regions to decrease the electrostatic energy at the CDBs, as in the case of vortex domain configuration. 17 The CDBs that remain even after the formation of the intermediate variants are expected to be the dominant sources of imprint and high leakage properties in the films.
It could be argued that when the ferroelectric islands were initially deposited on the substrate they would have no preferred IP polarization direction because of the pseudocubic symmetry, which is not the case if the film was grown in a layer by layer deposition mode where the initial preferential polarization variants would dominate the domain pattern. In order to check the validity of our results, we analyzed the areal fraction of each IP polarization direction ͓Fig. 4͑a͔͒. We found that the relative fractions of domains with positive ͓͑010͔͒ and negative ͓͑010͔͒ y-axis IP polarization vector components were 42% and 58%, respectively, whereas those of domains with positive ͓͑100͔͒ and negative ͓͑100͔͒ x-axis IP polarization vector components were 57% and 43%, respectively. These findings support the hypothesis that the ferroelectric domains did not have a significant preference to a specific polarization direction at initial growth stage.
In conclusion, we found 12 IP polarization variants in an epitaxially grown, ͑001͒ BFO thin film on SRO/STO substrates, using the AR-PFM method. The emergence of the additional variants deviating from the so-called ferroelectric easy axes, which are formed to mitigate highly unstable CDBs, lead to formation of continuous domain structure resembling Neel type domain walls, where the polarization variants rotate around the vector normal to them.
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